The aim of this study was to confirm the existence of volatile organic compounds (VOC) specifically released or consumed by the lung cancer cell line A549, which could be used in future screens as biomarkers for the early detection of lung cancer. For comparison, primary human bronchial epithelial cells (HBEpC) and human fibroblasts (hFB) were included. VOCs were detected in the headspace of cell cultures or medium controls following adsorption on solid sorbents, thermodesorption, and analysis by gas chromatography mass spectrometry. Using this approach, we identified VOCs that behaved similarly in normal and transformed cells. Thus, concentrations of 2-pentanone and 2,4-dimethyl-1-heptene were found to increase in the headspace of A549, HBEpC, and hFB cell cultures. In addition, the ethers methyl tert-butyl ether and ethyl tert-butyl ether could be detected at elevated levels in the case of A549 cells and one of the untransformed cell lines. However, especially branched hydrocarbons and alcohols were seen increased more frequently in untransformed than A549 cells. A big variety of predominantly aldehydes and the ester n-butyl acetate were found at decreased concentrations in the headspace of all cell lines tested compared with medium controls. Again, more different aldehydes were found to be decreased in hFB and HBEpC cells compared with A549 cells and 2-butenal was metabolized exclusively by both control cell lines. These data suggest that certain groups of VOCs may be preferentially associated with the transformed phenotype. Cancer Epidemiol Biomarkers Prev; 19(1); 182-95. ©2010 AACR.
Introduction
Analysis of exhaled breath is a noninvasive method for diagnosis and therapeutic monitoring (1) (2) (3) . Paradigmatic examples are the 13 C-urea breath test for detection of Helicobacter pylori (4, 5) and the hydrogen-based breath test for carbohydrate malabsorption (6) . Promising investigations included critically ill persons (7, 8) , patients suffering from renal and liver diseases (9) (10) (11) (12) (13) , and cancer patients (14) (15) (16) (17) (18) (19) (20) (21) . Typical compounds in exhaled breath comprised hydrocarbons, ketones, aldehydes, alcohols, amides, sulfides, and ethers (21) .
Because the field of breath analysis is relatively new, and the advances in analytic technology occur so fast, many compounds in exhaled breath have been detected; compounds whose biochemical origin has not yet been studied. In addition, little is known about their relationship to cellular processes such as malignant transformation. Investigations of exhaled breath from cancer patients showed that concentrations of specific compounds may be increased or decreased in comparison with healthy age-matched controls. This also applies to compounds in the headspace of cell cultures. Tumors are complex systems with a high degree of heterogeneity. Apart from the transformed cells, nontumorous components may also contribute to volatile organic compounds (VOC) present in the exhaled air of a lung cancer patient. Such potential sources of VOCs, which have not been studied here, are the activated immune system (22) (23) (24) (25) and, possibly, microorganisms (26) (27) (28) . The aim of the present work was to test for the existence of cancerderived VOCs through the analysis of established cell lines (29) (30) (31) (32) . In previous experiments, we investigated three lung cancer cell lines, NCI-H2087 (32), CALU-1 (31) , and NCI-H1666. 5 In NCI-H2087 cells, the release of the alcohol 2-ethyl-1-hexanol and the branched alkane 2-methylpentane was observed as well as a decline of acetaldehyde, 2-methylpropanal, 3-methylbutanal, 2-methylbutanal, and n-butyl acetate (32) . The cell line CALU-1 showed a significant release of branched hydrocarbons such as 2,3,3-trimethylpentane, 2,3,5-trimethylhexane, and 2,4-dimethylheptane and 4-methyloctane, whereas decreased concentrations were found for acetaldehyde, 3-methylbutanal, n-butyl acetate, acetonitrile, acrolein, methacrolein, 2-methylpropanal, 2-butanone, methyl tert-butyl ether, ethyl tert-butyl ether, and hexanal (31) . However, no significantly increased release of VOCs could be shown for NCI-H1666 cells, 5 whereas a decrease in methacrolein, 3-methylbutanal, hexanal, and n-butyl acetate was observed. Thus, in our studies, compounds especially belonging to the class of branched hydrocarbons were released from lung cancer cells in vitro, whereas, in particular, aldehydes and n-butyl acetate decreased in concentration.
In the work presented here, we studied an additional lung cancer cell line, A549, to obtain a better defined spectrum of potential tumor cell-derived VOCs, as well as two nontransformed cell lines to filter out substances potentially restricted to transformed cells.
Materials and Methods

Cell Culture
A549 cells, which carry a mutated K-Ras but a wild-type B-Raf gene, have been obtained from American Type Culture Collection. They have been isolated originally from a lung carcinoma of a 58-y-old man and showed epithelial morphology and grew adherent (33) (34) (35) (36) . Human fibroblasts (hFB) derived from the dermis are a generous gift of Prof. Gabriele Werner-Felmayer, Section of Biological Chemistry, Biocenter, Innsbruck Medical University, Innsbruck, Austria. A549 and hFB cells were grown in DMEM high-glucose culture medium containing sodium pyruvate (110 mg/L) supplemented with 10% FCS, penicillin (100,000 units/L), streptomycin (100 mg/L), and L-glutamine (293 mg/L).
Human bronchial epithelial cells (HBEpC) are primary cells (PromoCell GmbH) isolated from the mucosa of the main bronchi of a 42-y-old male Caucasian. The cells were cultivated in Airway Epithelial Cell Growth Medium (PromoCell GmbH) supplemented with the Airway Epithelial Cell Growth Medium Supplement Pack (PromoCell GmbH) according to the manufacturer's instructions.
For all experiments, cells were cultivated under standard conditions at 37°C in a humidified atmosphere with 92.5% air/7.5% CO 2 . For VOC measurements, 25, 75, or 100 million A549 cells and 50 million HBEpC or hFB cells, respectively, were inoculated in 100 mL phenol red-free DMEM high-glucose medium (supplements: 5% FCS, 100,000 units/L penicillin, 100 mg/L streptomycin, 293 mg/L L-glutamine, and 110 mg/L sodium pyruvate) or standard tissue culture medium (HBEpC cells). The concentration of FCS in DMEM during the experiment was lowered to 5% to reduce the high background of VOCs in the analyzed headspace. Culture vessels were then flushed with clean, synthetic air from a gas cylinder (defined gas mixture, Linde) containing 5% CO 2 to reduce background contamination. The rinsing was done for 10 min at a flow of 100 mL/min. Subsequently the fermenters were sealed for 21 h. At the end of the incubation time, 200 mL of air from the headspace was sampled and analyzed by gas chromatography mass spectrometry (GC-MS).
Sampling
Glass tubes (Gerstel) filled with the following sorbents were used as traps for sample collection with simultaneous preconcentration: 25 mg Tenax TA (60/80 mesh), 35 mg Carboxen 569 (20/45 mesh), and 250 mg Carboxen 1000 (80/100 mesh; each from Supelco). Sorbents were separated by glass wool. To decrease the relative humidity, the gaseous samples were diluted 1:6 (5 mL/min sample:25 mL/min air) with dry, additionally purified air taken from a gas cylinder (Linde). This procedure prevents the excessive adsorption of water on carbon molecular sieves and thereby avoids problems during sample preconcentration, cryofocusing during desorption, and finally chromatographic separation. The volume of collected sample originating from the fermenter was 200 mL with a total flow through sorption trap of 30 mL/min.
Thermal Desorption
The sampled analytes were released from sorbents by thermal desorption in a TDS3 unit equipped with a TDSA2 auto sampler (both from Gerstel). The flow rate of carrier gas through the sorption trap during desorption was 90 mL/min. The initial temperature of 30°C was increased to 300°C with a heating rate of 100°C/ min (held for 10 min). Liquid nitrogen was used for cryofocusing the desorbed analytes at −90°C. For subsequent sample injection into the capillary column, the CIS-4 injector, which contained a glass liner filled with Carbotrap B (Gerstel), was heated at a rate of 12°C/s up to 320°C (than hold 2 min in splitless mode).
GC-MS Analyses
The TD-GC-MS analysis (thermal desorption coupled with gass chromatography mass spectrometry) were done on a 6890N gas chromatograph equipped with a mass selective detector 5973N (both from Agilent Technologies) with sample injection by means of thermal desorption (described in the previous sections). The PoraBond Q capillary column 25 m × 0.32 mm × 5 μm (Varian) was used. The oven temperature program was as follows: initial 50°C held for 5 min, then ramped 5°C/min up to 140°C, held for 5 min, again ramped 5°C/min to 280°C, and held for 4 min. The constant flow rate of helium carrier gas was 2 mL/min. The MS analyses were done in a full scan mode (TIC mode), with a scan range of 20 to 200 amu. Ionization of the separated compounds was done by electron impact ionization at 70 eV. The chromatographic data was acquired using the Agilent Chemstation Software (GC-MS Data Analysis from Agilent). The mass spectrum library NIST 2005 was applied for the identification of detected compounds.
Reagents and Standards
2,4-Dimethyl-1-heptene, 2,3,5-trimethylhexane and 2,3,3-trimethylpentane were purchased from ChemSampCo, and 2-pentanone was from Acros Organics. All other compounds were purchased from Sigma Aldrich.
Calibration
For the quantification of compounds detected in the headspace of cells and of the medium, an external standard calibration was done. The preparation of gaseous standards was done by evaporating liquid substances in glass bulbs. Each bulb (Supelco) was cleaned with methanol (Sigma-Aldrich), dried at 85°C for at least 20 h, purged with clean nitrogen for minimally 20 min, and subsequently evacuated using a vacuum pump (Vacuubrand) for 30 min. Liquid standards (1-3 μL, according to the desired concentration) were through a septum by using a GC syringe. After the evaporation of standards, the glass bulb was filled with nitrogen of purity 6.0 (i.e., 99.9999%, Linde) to equalize the pressure to ambient pressure. Then, the appropriate volume (μL) of vapor mixture was transferred by a gas tight syringe (Hamilton) into Tedlar bags (SKC 232 Series), which were previously filled with 1.5 liters of nitrogen (99,9999%, additionally purified by means of carbon molecular sieves Carboxen 1000).
Statistical Analyses
Putative statistical significance was calculated by the Kruskal-Wallis test, which is a test to compare samples from two or more groups of independent observations (37) . It is a one-way ANOVA and does not assume a normal population, unlike the analogous one-way ANOVA. The Kruskal-Wallis test is a nonparametric version of the classic one-way ANOVA, and an extension of the Wilcoxon rank-sum test to more than two groups (37) . Additionally, results are presented as mean values with SDs.
Results
Our study with CALU-1 cells had shown that only longer incubation times (18 hours) allowed for the reproducible detection of significant differences in VOC concentrations (31) . Here, we consistently kept the incubation time at 21 hours and observed that after this time, the average viability was 97.7 ± 1.1% for 25 million, 95.3 ± 2.9% for 75 million, and 96.4 ± 6.2% for 100 million A549 cells. Thus, cell culture conditions did not cause substantial cell death, which ensured that the release of potential VOCs was mostly due to living cells. Under the same conditions, the average viability was 95.4 ± 2.29% for hFB and 77.9 ± 9.90 for HBEpC cells, which proved more fragile under the experimental setting used. The considerable cell death observed in the case of the HBEpC cells may additionally contribute to differences in VOC profiles in ways, which will be addressed in future studies.
Identification and Quantification of VOCs Released by Cells In vitro
Among all compounds detected, 132 compounds were identified not only by spectral library match using the NIST 2005 library but also by determination of their retention time based on calibration mixtures of the respective pure standards. The peaks, for which proper identification was not possible (too low library match and no confirmation by retention time), are not discussed. Generally, the applied TD-GC-MS method is characterized by good linearity (even for the lowest concentrations detected) with correlation coefficients R 2 being predominantly higher than 0.99 in calibration measurements. The limits of detection (LOD) for almost all compounds of interest were at the ppt v level, being lowest for hydrocarbons such as 2,4-dimethylhexane (0.044 ppb v ) or 3-methylheptane (0.048 ppb v ). The applied method was also very sensitive for polar analytes such as propyl acetate (0.078 ppb v ), methyl acetate (0.106 ppb v ), or 2-methylbutanal (0.134 ppb v ). The compounds with LOD at the single ppb v level were alcohols, such as 2-ethyl-1-hexanol (9.885 ppb v ), ethanol (2.723 ppb v ), or acetaldehyde (1.517 ppb v ). The use of Tedlar bags for the preparation of standard mixtures for TD-GC-MS calibration could be the reason of relatively high LODs (single ppb v level), especially for alcohols that are partly absorbed in Tedlar material. It should also be noted that the selected ion-monitoring mode, which improves the sensitivity of MS analyses, was not applied. Instead, full scan mode (Total Ion Chromatogram, TIC mode) was chosen to be adequate for the correct identification of a wide range of VOCs detected in the samples. Thus, the measured low LOD with simultaneous low errors (expressed by correlation coefficients) testify very good precision and sensitivity of the applied TD-GC-MS method.
TD-GC-MS Analyses of VOCs in the Headspace of A549 Cells
Our experiments with A549 cells included the analyses of medium controls (n = 4) and 25 (n = 5), 75 (n = 4), or 100 million cells (n = 5). Eight compounds were found to be increased and seven compounds to be decreased in the headspace of A549 cells compared with medium control (Table 1 ). The concentrations of methyl tert-butyl ether and 2-pentanone were found to be increased in all A549 cancer cell samples (Fig. 1) . Besides that, the unsaturated branched hydrocarbons 2-methyl-1-pentene and 2,4-dimethyl-1-heptene were found to be significantly elevated in the headspace of 75 and 100 million A549 cells. No significant differences to medium controls were found for these two compounds in experiments with 25 million cells although concentrations were increased. Furthermore, isobutene and octane showed significantly increased concentrations in experiments with 100 million cells (P = 0.01 and 0.03, respectively) but not with lower cell amounts. In general, relatively low concentrations of VOCs released by cells and high background levels originating from medium controls resulted in big SDs. Therefore, a considerable amount of cells is required to detect statistically significant differences in the level of VOCs released by A549 cancer cells and other tested cell lines. Moreover, ethyl tert-butyl ether, acetone, and ethanol were present at significantly higher concentrations in the headspace of 25 million and 100 million cancer cells compared with medium controls. No statistically significant difference in the amounts of these three VOCs compared with medium controls was found in experiments with 75 million A549 cells (Fig. 1) .
Among the decreased compounds, the aldehydes 2-ethylacrolein and 2-methyl-2-butenal were found exclusively in the headspace of medium controls and not in the headspace of cell samples. 2-Methylpropanal was not detected in measurements with 75 million cells Table 1 ). Similarly, pyrrole was found in several but not all measurements. For a few other significantly decreased compounds, the levels detected were below their LOD (pyrrole and methacrolein). Only n-butyl acetate and 3-methylbutanal were present in all samples at concentrations above their LODs and at significantly lower concentrations in the headspace of cancer cells (Fig. 1) . n-Butyl acetate showed p values below 0.05 in all experiments and, in the case of 100 million cells, a p value of 0.01. More detailed information can be found in Table 1 .
TD-GC-MS Analyses of VOCs in the Headspace of HBEpC and hFB Cells
In the case of the HBEpC, four independent measurements were done for medium controls (n = 4) and three for 50 million HBEpC cells (n = 3). The concentrations of 10 compounds were increased and of 8 compounds decreased in the headspace of HBEpC cells compared with medium control ( Table 2 ). As already observed in A549 cells, acetone, ethyl tert-butyl ether, 2-pentanone, and 2,4-dimethyl-1-heptene were released by HBEpC cells in significant amounts (Fig. 2) . The remaining six VOCs with increased concentrations in the headspace of HBEpC included the three branched hydrocarbons 2,3,3-trimethylpentane, 4-methylheptane, and 3-methylheptane. The concentration of 2,3,3-trimethylpentane was below the LOD in the headspace of medium controls and the other two were not detected in the controls at all. In addition, the alcohol 2-methyl-2-propanol and the esters methyl acetate and n-propyl acetate (not detected in the medium control headspace) had increased concentrations in HFB cells.
Like in A549 cells, methacrolein, 2-methylpropanal, 3-methylbutanal, and n-butyl acetate showed diminished concentrations in the headspace of HBEpC cells. Methacrolein was not detected at all in the headspace of cell cultures, and n-butyl acetate was reduced to 19.1% of medium control concentration. The aldehyde 2-methylpropanal was found only in one of three cell samples, whereas 3-methylbutanal, which was detected in all samples measured, was reduced to 1.1% of medium control concentration (Fig. 2) . Moreover, acetaldehyde and In the case of the second control cell line hFB, the concentrations of 15 compounds were increased and of 8 were decreased (Table 2) . Altogether, three independent experiments with 50 million cells and four independent measurements with medium control were done. Like in A549 cancer cells, the concentrations of methyl tertbutyl ether, 2-pentanone, and 2,4-dimethyl-1-heptene Cancer Epidemiology, Biomarkers & Preventionwere found to be significantly increased for hFB cells (Table 2 ; Fig. 3 ). Among the remaining 12 VOCs with increased concentrations in hFB cells, 6 were branched saturated hydrocarbons including 2,4-dimethylhexane, which was not detected in the medium control, 2,3,4-trimethylpentane, 2,3,3-trimethylpentane, 4-methylheptane, 3-methylheptane, and 2,3,5-trimethylhexane (not detected in the medium control headspace). Increased concentrations were also found for octane and several alcohols, such as 2-methyl-1-propanol (below LOD in medium control), 3-methyl-1-butanol (not detected in medium control), and 2-ethyl-1-hexanol (221.5% of medium control concentration). Two unique analytes released by hFB cells were 2-hexanone and benzene.
As in A549 cells, n-butyl acetate, 2-methylpropanal, and 3-methylbutanal were significantly decreased in the headspace of hFB cells. Other aldehydes with decreased concentrations were acetaldehyde, 2-methylbutanal, 2-butenal (not detected in the headspace of cells), and benzaldehyde. The only compound that was significantly decreased (consumed or degraded) exclusively by hFBs was the ketone (E)-3-penten-2-one (not detected in the headspace of cells; Table 2 ; Fig. 3 ).
Discussion
VOCs belonging to various classes of chemical compounds have been linked previously to lung cancer by different authors (14, (17) (18) (19) (20) (21) . For most of these compounds, the cellular and biochemical origin has not been determined and some of them might be of exogenous origin. For the production or consumption of the compounds found, different types of cells could be responsible including nontumorous cells, i.e., normal surrounding tissue, immune cells, or even infectious agents. In the study presented here, we attempted not only to provide further insight into VOCs specifically released by cancer cells (31, 32) , 5 but also to look for the presence of VOCs, which may help to discriminate normal from transformed cells. This knowledge will be essential to introduce VOCs into routine screening procedures. A common feature of the cell lines we have studied thus far (31, 32) , 5 with the exemption of NCI-H1666, is the fact that similar hydrocarbons are released at significant level. In contrast, several aldehydes and n-butyl acetate were consumed by these cell lines. In addition, no hydrocarbon was taken up (consumed or degraded) and no aldehydes or n-butyl acetate were ever released by these cells. Merely a few compounds found with the tested lung cancer cell lines A549, NCI-H2087, and CALU-1 are unique and not found in the control cells tested here. Particularly interesting among them is 2-methylpentane (released by NCI-H2087), which has been detected at higher concentrations in the breath of patients suffering from non-small cell lung cancer (20) . 4-Methyloctane, exclusively found in CALU-1 cells, has been reported by Phillips et al. (14) (15) (16) 38) and has been used to differentiate between lung cancer patients and healthy volunteers. Similarly, in our work with lung cancer patients (21), we have obtained evidence that some branched hydrocarbons are important VOCs, but also alcohols and ketones are found to be increased in concentration in the breath of cancer patients. Nevertheless, it should be noted that no hydrocarbon was significantly released by at least two of the different cancer cell lines studied here. This may be due to the fact that every tumor cell line Cancer Epidemiology, Biomarkers & Preventionis only a limited representation of the human primary tumor it has been derived from, and only the comparison on many more such lines and the inclusion of primary material will allow to pinpoint VOCs, which can serve as biomarkers. Interestingly, more compounds with significant differences in their concentration to medium controls were released by healthy than tumor cells. This can be seen for the release of the branched hydrocarbons 2,3,4-trimethylpentane, 2,4-dimethylhexane, 4-methylheptane, and 3-methylheptane, where no differences to the medium control were found in the cancer cell line studies (Table  3) . Furthermore, the differences in the concentration of four hydrocarbons, 2,3,3-trimethylpentane, n-octane, 2,3,5-trimethylhexane, and 2,4-dimethyl-1-heptene, between cancer cells and medium controls were higher for nontransformed than A549 cells.
Higher activity of nontransformed cells in production of VOCs could also be suspected because of the more abundant release of alcohols. In particular, 2-methyl-1-propanol, 2-methyl-2-propanol, and 3-methyl-1-butanol were found to be significantly released only by healthy cell lines and not by any of cancer cell lines tested in this or earlier studies (Table 3 ). These data suggest that the metabolic pathways, which have lead to the generation of these compounds, have been more active in normal than in transformed cells and point to a possible tumor suppressive function. Interestingly, 2-ethyl-1-hexanol, which was released at nearly the same level by hFB and NCI-H2087 cells, was also released from cells of the dermis as described previously (39) . The only alcohol produced exclusively by cancer cells was ethanol (Table 1 ; Fig. 1 ). Restricted to primary bronchial cells was the release of the esters methyl acetate and n-propyl acetate. No esters at all were found to be significantly released by any cancer cell line investigated in this and previous studies (31, 32) . 5 However, this difference between carcinogenic and noncarcinogenic cells, suggested by our studies, needs to be confirmed by additional investigations.
The only two ethers significantly released by cancer cells are methyl tert-butyl ether and ethyl tert-butyl ether (released by A549 cells). Interestingly, the highest concentration of methyl tert-butyl ether was observed for 25 million A549 cells, perhaps reflecting better growth conditions at lower cell numbers. However, because the concentration of methyl tert-butyl ether released is very similar among cells, the concentration profile of this analyte is most likely within the range of random error and the sensitivity of the applied methods is insufficient to detect any increase. Both ethers were also significantly released by one of the nontransformed cell types, methyl tert-butyl ether by hFB and ethyl tert-butyl ether by HBEpC. In contrast, these ethers were found to be significantly decreased (degraded) by CALU-1 cancer cells.
For ketones, a representative analyte was acetone. In the experiments discussed here, acetone was released by nontransformed (HBEpC) and cancer (A549) cell lines. Among other ketones, 2-pentanone was secreted by all three currently tested cell lines (hFB, HBEpC, and A549), whereas 2-hexanone was only released by hFB cells. It should be noted that as for some of previously mentioned metabolites, hFB cells released the highest amounts of 2-pentanone. On the other hand, two other ketones were taken up (consumed or degraded), namely 3-penten-2-one by hFBs and 2-butanone, by previously investigated CALU-1 cancer cells.
A significant observation in this study is the strong decrease in the concentration of numerous aldehydes and n-butyl acetate in the headspace of A549 cell cultures and control cells (Tables 1 and 2 ; Figs. 1-3 ). Among the decreased VOCs, the ester n-butyl acetate and the aldehyde 3-methylbutanal were found to be lowered in all tested cell lines. Previous work on NCI-H2087 (32), NCI-H1666, 5 and CALU-1 (31) lung cancer cell lines showed that both 3-methylbutanal and n-butyl acetate were decreased in all cells investigated in vitro. Typically, but not always, the aldehydes acetaldehyde, 2-methylpropanal, and methacrolein were also found to be decreased (Table 3) . This decrease could be observed either in the lung cancer cell lines A549, NCI-H2087, or CALU-1, or in one of the tested control cell lines (Table 3 ; Figs. 1-3 ). 2-Ethylacrolein and 2-ethyl-2-butenal were only degraded by lung cancer cell lines. A HBEpCspecific feature not found in any of the other investigated cell lines was the degradation of n-octanal, whereas only hFB cells showed a decrease in 3-penten-2-one. It should be noticed that besides the ester n-butyl acetate (and 3-penten-2-one for hFB), nontransformed cells only degrade aldehydes, whereas cancer cells could also degrade nitrogen-containing compounds (pyrrole by A549 and acetonitrile by CALU-1), ketone, and ethers (acetone, methyl tert-butyl ether, and ethyl tert-butyl ether, respectively, all degraded by the CALU-1 line).
Overall, the reasons for differences in VOC release or consumption among the investigated cell lines are currently unknown, but may result from phenotypic or genotypic differences. Clarification of this issue will require an understanding of the underlying molecular mechanisms for VOC production, which is currently lacking for the mentioned compounds.
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